In an effort to examine changes that precede synapse loss, we have measured amyloid-␤ and a series of damage markers in the synaptic compartment of Alzheimer's disease (AD) cases. Because localization of events to the terminal region in neurons is problematic with conventional methods, we prepared synaptosomes from samples of cryopreserved human association cortex, and immunolabeled terminals with a procedure for intracellular antigens. Fluorescence was quantified using flow cytometry. The viability dye calcein AM was unchanged in AD terminals compared to controls, and the fraction of large synaptosome particles did not change, although a striking loss of large terminals was observed in some AD cases. The percent positive fraction for a series of pre-and postsynaptic markers was not affected by AD in this cohort. However, the amyloid-␤-positive fraction increased from 16 to 27% (P < 0.02) in terminals from AD cortex. The expression level on a per-terminal basis is indicated in this assay by fluorescence (relative fluorescence units). The fluorescence of presynaptic markers did not change in AD terminals, but PSD-95 fluorescence was decreased by 19% (P < 0.03). Amyloid-␤ fluorescence was increased by 132% (P < 0.01), and glial fibrillary acidic protein labeling by 31% (P < 0.01). These results suggest that synapseassociated amyloid-␤ is prominent in regions relatively unaffected by AD lesions, and that amyloid accumulation in surviving terminals is accompanied by gliosis and alteration in the postsynaptic structure. Despite abundant evidence supporting the amyloid cascade hypothesis, the early molecular events that occur in Alzheimer's disease (AD) are not clear.
Despite abundant evidence supporting the amyloid cascade hypothesis, the early molecular events that occur in Alzheimer's disease (AD) are not clear. 1 Loss of synaptic terminals in AD brains demonstrates a higher correlation with decreased cognitive function than cell death or plaque development, which has led to the hypothesis that disappearance of synapses is a key event in early cognitive decline. 2 The best correlate of synapse loss in AD is soluble rather than fibrillar forms of amyloid-␤ protein (A␤). 3 Transgenic mouse models that overexpress mutant or wild-type amyloid precursor protein (APP) have shown that synapse loss correlates with increased levels of soluble A␤ rather than either APP level or amyloid deposits. Further, synapse loss occurred even in the absence of amyloid deposition. 4 The cellular location of initial amyloid-related damage is controversial, but a growing body of evidence suggests that intracellular accumulation of A␤ precedes plaque formation. 5, 6 Recent studies showing that perforant path and entorhinal cortical lesions reduce amyloid deposition in terminal fields of transgenic mice provide additional support for the hypothesis that deposited amyloid may originate in the synaptic compartment. 7, 8 However, the mechanism of synapse loss in AD remain uncertain.
A large body of evidence supports the hypothesis that the memory failure of AD, particularly early impairment, is a result of synaptic dysfunction and loss, which is usually measured by synaptophysin immunoreactivity. 9 On the other hand, presynaptic markers have also been shown to increase in early AD, 10 and synapse loss is often not detected in transgenic models. 11, 12 Preferential loss of postsynaptic compared to presynaptic proteins in AD has been suggested based on decreases in drebrin, a postsynaptic actin-binding protein. [13] [14] [15] A role for caspase activation and apoptosis in AD cell death and neuritic damage is suggested by the detection of caspase-cleaved actin around plaques in AD-affected cortex and in APP transgenic mouse brain. 16 Localized caspase activation within terminals is supported by A␤-induced caspase activation in neurites 17 and synaptosomes. 18 We hypothesized that synapse loss is associated with localized neurotoxicity of terminal ␤-amyloid in the terminals. Because definitive localization of neuronal events to terminal regions is difficult with conventional methods, we prepared synaptosomes from cryopreserved human tissue. To examine surviving terminals for changes that occur before synapse loss, we measured viability markers and levels of synaptic, proapoptotic, and A␤ proteins using flow cytometry. Increased glial fibrillary acidic protein (GFAP) and A␤ immunoreactivity were observed in AD terminals. These changes were accompanied by selective synaptic marker alterations in surviving terminals, namely a decrease in expression of postsynaptic PSD-95.
Materials and Methods
The monoclonal anti-A␤ antibody 10G4 has been described previously, 19 and the 7A6 antibody 20 was provided by S. Schlossman (Dana Farber Cancer Institute, Boston, MA). Polystyrene microsphere size standards were purchased from Polysciences, Inc. (Warrington, PA). The viability dye calcein AM and Zenon mouse IgG labeling kits for dual labeling were purchased from Molecular Probes (San Diego, CA). The following monoclonal antibodies were purchased: anti-SNAP-25 (Sternberger Monoclonals Inc., Lutherville, MD), anti-PSD 95 (Upstate Biotechnology, Lake Placid, NY), anti-GFAP, anti-synaptophysin, and anti-syntaxin (Sigma, St. Louis, MO), anti-synaptobrevin (Chemicon, Temecula, CA), anti-BACE (R&D Systems, Inc., Minneapolis, MN), and anti-APP (3E9; Medical and Biological Laboratories Co., Ltd., Nagoya, Japan).
Human Brain Specimens
Samples of human association neocortex (Brodmann area 7 and area 9) were obtained at autopsy from the University of Southern California Alzheimer's Disease Research Center. Samples were obtained from 10 cases diagnosed clinically and histopathologically with AD (mean age, 84.9 years; mean postmortem delay, 6.48 hours), and from eight aged controls (mean age, 81.1 years; mean postmortem delay, 4.21 hours). Two control cases had a clinical and neuropathological diagnosis of Parkinson's disease and were included in all analyses as neurological controls. The mean mini-mental state examination (MMSE) for the control group was 24.7 (Ϯ2.6), and for the AD group was 5.1 (Ϯ2.2). Some AD patients were untestable. Ten independent experiments were performed and, when possible, experiments compared one AD case with one control case. Case details are presented in Table 1 .
P-2 Preparation
Samples (1 g), were minced and slowly frozen on the day of autopsy in 10% dimethyl sulfoxide and 0.32 mol/L sucrose and stored at Ϫ70°C until homogenization on the day of the experiment. This procedure has been previously optimized for the preservation of human brain sam- ples. 21 The P-2 (crude synaptosome) fraction was prepared as described previously; 22 briefly, samples were rapidly thawed and homogenized in ice-cold 0.32 mol/L sucrose in 10 mmol/L Tris buffer (pH 7.4) with protease inhibitors (2 mmol/L EGTA, 2 mmol/L EDTA, 0.2 mmol/L phenylmethyl sulfonyl fluoride, 4 g/ml leupeptin, 4 g/ml pepstatin, 5 g/ml aprotinin, 20 g/ml trypsin I). The tissue was homogenized in a Teflon/glass homogenizer (clearance, 0.1 to 0.15 mm) by eight gentle up and down strokes at 800 rpm. The homogenate was spun at 1000 ϫ g for 10 minutes to remove nuclei and cell debris. The resulting supernatant was centrifuged at 10,000 ϫ g for 20 minutes to obtain the crude synaptosomal pellet. The final pellet was washed with 2 ml of phosphate-buffered saline (PBS) and centrifuged (4 minutes, 2000 ϫ g, 4°C) before immunolabeling.
Dye Labeling
Calcein AM (final concentration, 0.02 nmol/L) was diluted in Krebs-Ringer phosphate buffer (KRP; 118 mmol/L NaCl, 5 mmol/L KCl, 4 mmol/L MgSO 4 , 1 mmol/L CaCl 2 , 1 mmol/L KH 2 PO 4 , 16 mmol/L sodium phosphate buffer, pH 7.4, and 10 mmol/L glucose) and added to 5-to 10-l aliquots of P-2 (total volume, 0.1 ml), incubated for 10 minutes at 4°C, then diluted in 0.5 ml of PBS for immediate flow cytometry analysis.
Immunolabeling of P-2 Fraction
P-2 aliquots were immunolabeled for flow cytometry analysis according to a method for staining of intracellular antigens. 23 Pellets were fixed in 0.25% buffered paraformaldehyde (1 hour, 4°C) and permeabilized in 0.2% Tween 20/PBS (15 minutes, 37°C). The monoclonal antibodies were diluted 1:1000 in 2% fetal bovine serum/ PBS. After a 30-minute incubation with primary antibody at 4°C, pellets were washed two times with 1 ml of 0.2% Tween 20/PBS, then incubated (20 minutes, 4°C) with secondary antibody (fluorescein isothiocyanate-conjugated anti-mouse IgG, Molecular Probes, San Diego, CA) followed by two additional washes before resuspension in KRP buffer for flow cytometry analysis. For the duallabeling studies shown in Figure 1 , antibodies were labeled directly with Alexa Fluor 488 or 647 reagents according to kit directions. This mixture was added to P-2 aliquots and incubated at room temperature for 30 minutes followed by two washes before flow cytometry analysis.
Biochemical Analyses
For Western analysis P-2 samples were electrophoresed on a 10% Tris-glycine acrylamide gel (20 g/lane) under reducing conditions. Proteins were transferred to a polyvinylidene difluoride membrane (400 mA for 2 hours) before blocking in 10% nonfat dried milk and 0.1% gelatin in PBS for 1.5 hours at 37°C. After incubation with primary antibody for 3 hours at room temperature, blots were rinsed and incubated in horseradish peroxidaseconjugated goat anti-mouse (1:10,000) for 1 hour and then developed with enhanced chemiluminescence (Amersham Biosciences Corp., Piscataway, NJ). Films were scanned with the Bio-Rad GS-700 imaging densitometer (Bio-Rad Laboratories, Hercules, CA) and analysis of variance statistics analyzed with Statview version 5.0.1 (SAS Institute Inc., Cary, NC). The sandwich enzymelinked immunosorbent assay for total A␤ has been described previously. 24 Briefly, the assay uses monoclonal 4G8 against A␤17-24 (Senentek, Napa, CA) as the capture antibody (3 g/ml), biotinylated 10G4 against A␤1-15 as the detecting antibody, and a reporter system using streptavidin-alkaline phosphatase and AttoPhos (JBL Scientific Inc., San Luis Obispo, CA) as the substrate (excitation, 450 nm; emission, 580 nm). To measure insoluble A␤, a 1:100 dilution of the guanidine-soluble extracts was made with Tris-buffered saline containing 5% bovine serum albumin and 1ϫ protease inhibitor cocktail (Calbiochem, La Jolla, CA), then centrifuged (16,000 ϫ g, 20 minutes, 4C).
Flow Cytometry
Analysis was performed using a FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CA) equipped with a 488-nm argon laser and a 635-nm red diode laser. Sample flow rate was ϳ3000 events per second; 50,000 ungated events were collected for the analyses. A threshold was set on forward light scatter (channel 42) to exclude debris. Analysis was performed using FCS Express software (DeNovo Software, Ontario, Canada). Statistics were estimated from the data using the VassarStats web site for statistical computation (http://faculty.vassar.edu/ lowry/vassarstats.html). 
Results

Synaptosomes from AD Cortex Are Intact and Esterase-Positive
A widely used method for the in vitro study of synaptic chemistry is the synaptosome preparation, which contains neuronal terminals that have resealed into a functional sphere during homogenization in isotonic sucrose ( Figure 1) . We have developed a method enabling quantitative analysis of synaptic markers in a P-2 homogenate using flow cytometry, and have recently compared synaptosomes from fresh rat and cryopreserved human tissue using our flow cytometry protocols. 26, 27 Synaptosomes have historically been considered a preparation for the study of presynaptic neurochemistry. However, because the P-2 preparation has also been used to study postsynaptic proteins including the NMDA receptor and the dendritic spine protein RC3/neurogranin, 28, 29 and because GFAP mRNA is enriched in hippocampal synaptosomes, 30 we have measured PSD-95, a postsynaptic scaffolding protein for the NMDA receptor, and GFAP, an astrocyte-specific intermediate filament protein, along with presynaptic neuronal proteins. Dual labeling of human cortical P-2 preparations from the present cohort reveals that both GFAP and PSD-95 co-localize with SNAP-25, confirming that synaptosomes possess adherent postsynaptic elements and astrocytic processes (Figure 1A) . We did not observe differences in nonneuronal elements between control and AD cases (data not shown), and relatively few particles (ϳ10%) contain only GFAP or PSD-95 ( Figure 1A ). Based on previous evidence 31 and the present dual-labeling results, typical cleavage planes that yield the particles analyzed in the synaptosome fraction are illustrated ( Figure 1B) .
Using a viability dye, calcein AM, that labels only intact, esterase-positive particles, we first examined the hypothesis that fewer intact synaptosome particles would be measured in AD cortex. Synaptosomes prepared from cryopreserved cortex were labeled with calcein AM and 50,000 particles from each sample were collected and analyzed by flow cytometry. Representative density plots are illustrated in Figure 2 , A through C, for fluorescence versus forward scatter. Forward scatter is proportional to particle size, and the position of 0.75-, 1.4-, and 4.5-msize standards is shown in Figure 2C . The calcein-positive fraction of P-2 particles (Figure 2, A and B) was identified by an analysis gate based on background fluorescence in an unstained aliquot ( Figure 2C ). The viable fraction did not differ between AD and controls; 63% (Ϯ4.1, n ϭ 5) of the P-2 fraction in controls was calceinpositive, compared to 65% (Ϯ3.6, n ϭ 7) for AD cases. The ϳ65% integrity measured in cryopreserved human tissue compares to 90% in freshly prepared P-2 from rat brain, 25 an expected decline in viability, given the much longer postmortem interval (range, 3 to 10 hours) with human cases. 27 Our previous work has shown that SNAP-25-positive particles vary from 0.5 to 5 m in diameter, consistent with electron micrograph observations of synaptosome size. We next investigated the possibility that terminal size varies in AD by drawing an analysis gate based on forward light scatter, which is proportional to size. The size-based gating analysis is illustrated in Figure 2 , D and E, for representative control and AD cases. The largest particles are contained in the center analysis gate, which contains only particles ϳ1 to 5 m in diameter (based on size standards illustrated in Figure 2C ). In two AD cases, a striking loss in the fraction of large synaptosomal particles was observed (Figure 2 , D and E), suggesting disappearance of large-diameter axonal terminals. This loss of large synaptosomes in AD (Figure 2 , D and E) resembles the loss of large particles that we have observed with our flow cytometry analysis after treatment of synaptosomes in vitro with staurosporine. 32 However, the percentage of large synaptosomes was not decreased in the AD samples compared to controls: the mean large fraction was 27.9% (Ϯ2.8) in controls versus 24.2% (Ϯ1.8) in AD cases ( Figure 2F ). To elucidate mechanisms of synaptic loss operating in AD brain, we immunolabeled synaptosome preparations and quantified the level of five synaptic markers and five damage indicators. Four presynaptic exocytotic proteins were measured in the present study: SNAP-25 and syntaxin, which are expressed along presynaptic axonal membranes (t-SNAREs), and synaptophysin and synaptobrevin, which are both integral membrane proteins on vesicles (v-SNAREs). 33 PSD-95, part of a scaffolding complex for the NMDA receptor, 34 was used to indicate postsynaptic changes. The damage indicators measured included GFAP as a measure of gliosis and the apoptosis antibody 7A6, which identifies an antigen that is expressed on the mitochondrial membrane of cells that are undergoing apoptosis. 20 Three proteins related to amyloid accumulation were measured: 1) the 10G4 antibody directed against residues 5 to 17 of the A␤ peptide, 19 the 3E9 antibody directed against residues 18 to 38 of the APP, and 3) the ␤-site APP-cleaving enzyme (BACE) that is required for the initial APP cleavage that releases A␤ peptide. The P-2 fraction was immunolabeled with monoclonal antibodies to each of these markers using a protocol for the staining of intracellular antigens in which gentle fixation is followed by permeabilization with a nonionic detergent. 23 The positive fraction was identified by an analysis gate that excluded background labeling measured in the presence of an isotype-specific control antibody ( Figure  3A, left) , which also shows a representative AD versus normal comparison for A␤ labeling with the 10G4 antibody ( Figure 3A , middle and right). Figure 3 , B and C, shows the size of the positive fraction for synaptic markers and damage markers. The positive fraction for SNAP-25, syntaxin, and synaptophysin was almost identical, with each labeling ϳ60% of the total P-2 particles. This result is consistent with the results in P-2 from fresh rat brain, and indicates presynaptic neuronal component to a majority of the particles in the homogenate. 25 In contrast, synaptobrevin labeled only 15% of the particles above background, suggesting a more restricted distribution. This result is consistent with immunocytochemical observation of limited synaptobrevin expression in the neuromuscular junction compared with syntaxin and SNAP-25. 35 Adherent postsynaptic elements are less frequent than presynaptic elements in the population, with PSD-95 labeling ϳ10% of the total.
Presynaptic Markers in AD Cortex Are Preserved Despite Accumulation of A␤ in Synaptic Terminals
An in vivo loss of synaptic terminals in AD cortex would be expected to result in fewer resealed presynaptic terminals in the homogenate compared to samples from normal cortex. Because the P-2 homogenate contains free vesicles and membrane fragments, and because flow cytometry acquisition was set up for random acquisition of 50,000 P-2 particles, synapse loss in the present assay would be detected as a decrease in the positive fraction for synaptic markers accompanied by an increase in the background fraction, which contains the nonsynaptosomal components in the P-2. AD did not significantly affect the percent positive fraction of any of the synaptic markers when the controls included the two Parkinson's cases ( Figure 3B ), although synaptobrevin labeling showed a nonsignificant 38% decrease in AD cases [from 15.8 (Ϯ4.7) to 9.7% (Ϯ2.7)]. PSD-95 labeling was nonsignificantly decreased by 28% [from 21.7 (Ϯ3.1) to 15.7 (Ϯ2.4)]. The decrease in both synaptobrevin becomes significant (P Ͻ 0.05, Student's t-test) if the demented Parkinson's case with MMSE ϭ 12 is removed from the controls, and both synaptobrevin and PSD-95 are significantly reduced (P Ͻ 0.05, Student's t-test) when the two Parkinson's cases are removed from the control group, indicative of synaptic changes in the cortex of the aged Parkinson's patients in this cohort. Quantification of synapse number is technically difficult, and it is important to note that the exact relationship between our measure and the number of synapses per unit of cortical area is not clear. However, comparing four presynaptic markers in this assay, the positive fraction for synaptobrevin appears to be selectively altered by AD. Figure 3C demonstrates that 50% (Ϯ3.0) of the particles in both AD and control groups possessed GFAP, a marker for astrocyte processes. Labeling of synaptosomal particles with GFAP is consistent with the intimate supportive role that astrocytes play for neurons, and is supported by electron microscope data showing close association of astrocyte processes with synaptic regions. 36, 37 The proapoptotic antigen 7A6 fraction in synaptic terminals was not significantly affected by AD; however, the relatively high fraction of particles positive for the 7A6 antigen in the age-matched controls (46 Ϯ 4.2%) was surprising and suggests the activation of synaptic proapoptotic pathways in the cognitively normal aged or possible postmortem effects. In freshly prepared rat synaptosomes, 7A6-positive terminals were fewer than 7% of the total (data not shown).
The fraction of terminals labeled for A␤ ( Figure 3C ) increased from 16% (Ϯ3.0) in aged controls to 27% (Ϯ4.0; P Ͻ 0.02) in AD. It is interesting to note that in three of the eight normal controls, the number of A␤-positive terminals was increased more than 24% (data not shown). Two of these three cases had a Parkinson's disease diagnosis and the demented Parkinson's patient with MMSE ϭ 12 had grossly elevated terminal A␤. Figure  3C shows that a relatively small percentage of synaptosomes labeled for APP (7 Ϯ 1.4%) and BACE (6 Ϯ 1.3%) in the control cases, and this fraction was not affected by AD. The precise localization of cellular A␤ has been difficult to determine; therefore, the presence of A␤ in surviving terminals suggests that synaptic accumulation of A␤ may be an indication of synaptic damage that precedes synapse loss in AD. Figure 4A, right) . Background staining is indicated by the dashed line in each histogram; note that in this case the A␤ level is near background. We summarized fluorescence data from the entire cohort for synaptic markers in Figure 4B and for damage markers in Figure 4C . Presynaptic antigen expression was not significantly different in AD terminals, but PSD-95 expression associated with synaptosomes was decreased by 19% (Ϯ5.9; P Ͻ 0.03) on this per-terminal basis. Because PSD-95 is an integral part of the cytoskeletal structure in dendritic spines, this result suggests a breakdown or alteration in the postsynaptic marker, consistent with a loss of connectivity. GFAP levels were increased by 31% (Ϯ5.8; P Ͻ 0.01), and A␤ levels detected by the 10G4 antibody were increased by 132% (Ϯ36.9; P Ͻ 0.01). This large increase in A␤ expression per terminal in association cortex, taken together with the increase measured in the A␤-positive fraction ( Figure 3B ), indicates that A␤ accumulation in synaptic terminals is prominent in regions relatively unaffected by AD lesions compared to hippocampus and entorhinal cortex. The synapse-associated increase in GFAP suggests that glial changes occur around terminals expressing increased A␤ in AD cortex. Table 1 illustrates that synaptic amyloid levels are related to atrophy and plaques in AD cases, with relatively high synaptic amyloid levels also measured in the demented Parkinson's case. Table 1 also reveals that the second control case, in which moderate atrophy and plaques were noted on the neuropathology report despite a MMSE of 29, also showed relatively high synaptic amyloid with our measure.
Presynaptic SNAP-25 Expression Is Preserved, but Synaptic Terminals from AD Cortex Exhibit Decreases in Postsynaptic Structure, Large Increases in A␤, and Increased Gliosis
Western blots from representative P-2 samples in the cohort are shown in Figure 5 . Trends were observed for a decrease in PSD-95 and increase in GFAP, but densitometric scanning did not reveal any significant differences between normal cases (n ϭ 5) and AD cases (n ϭ 7). In addition, no difference on Westerns was observed in the expression of synaptophysin or the 7A6 antigen in AD cases (data not shown), even with the addition of additional cases not in the present cohort. Western analysis would be expected to be less sensitive than flow cytometry, given that it is a one-dimensional measure that necessarily includes all of the nonsynaptosomal particles in the P-2. The increase in A␤ immunoreactivity measured by flow cytometry is supported by enzyme-linked immu- nosorbent assay for amyloid ␤, which showed an increase in total A␤ from 77.49 pg/g protein (Ϯ41, n ϭ 4) to 126.03 pg/g protein in AD cases (Ϯ66, n ϭ 6).
A positive correlation between A␤ fluorescence and synaptosome size (forward scatter) in AD but not normal cases was also observed, and this correlation was highly significant despite the relatively small sample size (r ϭ 0.898, P Ͻ 0.0001), ie, terminal size was increased in samples with higher A␤ expression (data not shown). This result is consistent with electron microscope observations of swollen processes and abnormal morphology in A␤-positive terminals, 2, 6 an interpretation of synaptic pathology associated with A␤ that is supported by the observation in some cases of disappearance of large synaptosomes ( Figure 1B) .
Discussion
Synapse loss and dysfunction in AD is well documented, 2, 38 but the pathway(s) that lead to trimming of the neuronal arbor before cell death have not been resolved. Our results demonstrate synapse-associated A␤ labeling in AD terminals. Moreover, we observed the loss of a postsynaptic marker with preservation of three of four markers on the presynaptic side in AD synapses, accompanied by local glial change.
Amyloid plaques and neurofibrillary pathology occur relatively late in association neocortex, leading to the proposal that synapse loss in frontal and temporal cortex is the primary biological correlate of early cognitive deficits. 2, 39 However, the degree of synapse loss that has been reported in frontal cortex is variable; some authors have observed significant loss early in AD, 40 whereas others have observed a biphasic change in which synaptic markers are actually increased in mild to moderate disease. 10 One explanation proposed for an initial increase is that early neuronal sprouting occurs in response to tau aggregation and failed axonal transport. An alternative explanation would be that A␤ induces aberrant sprouting as it does in animal models. 11, 12 We observed slight SNAP-25 decreases in a few cases, but the net trend for an increase in the expression of presynaptic markers suggests that a sprouting response predominated in our sample. Interestingly, in animal models, presynaptic marker loss is not evident or limited. 11, 12 Studies in transgenic mice have shown that cognitive dysfunction and soluble A␤ levels rise months before the appearance of amyloid plaques, 41 and a body of evidence now suggests that soluble oligomeric forms of A␤ are more toxic than fibrils. [42] [43] [44] Intracellular accumulation of A␤ before extracellular deposition has been suggested as a mechanism for synaptic dysfunction and loss, and our results showing increased terminal A␤ are supported by electron microscope observations of A␤42 accumulation in both pre-and postsynaptic compartments. 6 Recent observations that knife lesions of the perforant pathway in transgenic mice reduce extracellular amyloid deposits suggest that axonally transported APP is a likely source of intraterminal A␤, 7 but the cellular localization of APP processing to A␤ remains unclear.
The N-terminal A␤ antibody used in the present studies does not distinguish between amyloid peptide species; however, we have been unable to demonstrate increased APP labeling with a series of APP monoclonal antibodies in addition to the 3E9 antibody results shown here. Importantly, localization of more soluble preamyloid has been difficult, presumably because of masked epitopes and/or peptide compartmentalization. 45 For example, GM1 ganglioside-bound amyloid, undetectable by common anti-A␤ antibodies without methanol extraction, has been isolated from diffuse plaques and suggested as a seed-forming species within lipid raft compartments. 46, 47 In light of previous evidence, and in the absence of detection of other APP peptide species, the present results seem most likely to represent either increased APP C-terminal fragments that contain the A␤ sequence, or soluble A␤ peptide. Accumulations of A␤ oligomer, notably dimers, in lipid raft compartments in APP transgenic mice and AD brain 48 may, at least in part, reflect the increases observed in synaptic terminals in the present study.
The level of BACE in our assay was not affected by AD, which is in contrast to other studies in which increased BACE expression level and activity in AD cortex were observed. 49, 50 Low levels of BACE signal in terminal regions compared to whole brain homogenates may be responsible for our inability to detect changes; however, our results are consistent with findings that show increased BACE activity but not BACE protein levels in mouse models of AD and in aged human cortex. 51 Recent evidence indicates that astrocytes regulate the formation, maturation, and maintenance of synapses in the central nervous system, 36 and that the peripheral astrocyte process positioned next to the synaptic cleft represents a separate astroglial compartment. 37 In the present results, the increased expression of GFAP in the synaptosomal population is consistent with a maintenance role in which GFAP up-regulation occurs in response to initial localized damage and dysfunction in the synapse. A dynamic synapse maintenance role is supported by recent evidence that glial-derived cholesterol is responsible for enhancing the number of synapses in cultured neurons. 52, 53 In addition, glial processes in the aging human brain have been observed to be wrapped tightly around synapses, leading to the suggestion that these processes aid in the phagocytosis and removal of terminals. 54 A large body of evidence has shown that caspase activation and apoptosis are induced by A␤ proteins, but the precise contribution of caspase activation to Alzheimer pathology is unclear.
55 7A6 antibody detects a mitochondrial antigen that is expressed in cells that have just begun to undergo apoptosis; 20 this antigen is not expressed in young adult rodents (data not shown). Because the mitochondria in the present study are in synaptic regions, the relatively high levels of labeling that we observe in the aged cohort in the present study (mean age, 83 years) may indicate that apoptotic changes occur in synaptic regions as a part of neuronal aging. Alternatively, some of the proapoptotic signal that we observe may represent a postmortem autolysis effect.
Because controls have slightly longer postmortem intervals in our cohort than do AD cases and no postmortem interval effect was observed (data not shown), 7A6 labeling presumably reflects premortem pathology.
The present observation that PSD-95 is decreased in AD synaptosomes on a per-terminal basis is backed by recent observations in our laboratory showing that PSD-95 decreases are greater than synaptophysin decreases in APPsw (Tg2576) transgenic mice 56 and in AD temporal cortex (Calon F, unpublished observations). These results are in line with previous work showing dramatic AD-related decreases in drebrin, a protein involved in synapse plasticity. [13] [14] [15] Like PSD-95, drebrin is a structural protein found in dendritic spines that is an important determinant of dendritic morphology, 57 leading to the proposal that caspase activation in neurites may induce disorganization of the actin filamentous network, including drebrin, with subsequent dyswiring between pre-and postsynapses. 15 Determining the sequence of synaptic changes from observations at a single postmortem time point is difficult; however, our ability to measure postsynaptic marker loss that is not accompanied by significant presynaptic loss in a synaptosome preparation may indicate that the postsynaptic element is more vulnerable than the presynaptic side and suggests it may degrade first. Also, early and larger alterations in postsynaptic versus presynaptic mRNA levels have been observed in aging dual APPsw and presenilin-1 transgenic mice. 58 Considered together, the present findings in AD synapse regions suggests a pathway for synapse degeneration in which amyloid accumulation results in synaptic dysfunction that is manifested by selective pre-and postsynaptic changes in surviving terminals. The actin filamentous network in the more vulnerable postsynaptic side begins to be degraded, and the decline in synapse function induces a feedback response in which GFAP up-regulates in supporting astrocyte processes, and expression of exocytotic proteins may increase on the presynaptic side. This sequence provides a mechanism by which intracellular A␤ could result in trans-synaptic spread of AD pathology from presynaptic sites to postsynaptic sites. 5, 8 Continued investigation into pre-and postsynaptic mediators of A␤ damage and identification of the amyloid species present in affected terminals is needed for more detailed answers about mechanisms of initial synaptic damage before cell death in AD. Future studies including mild cognitive impairment cases and a range of dementia severity will be important to clarify the sequence of changes observed in the present study. Flow cytometry analysis provides the necessary precise quantification and definitive synaptic localization in surviving terminals to answer important questions about the sequence of events before the disappearance of synapses.
